A novel polytetrafluoroethylene ͑PTFE͒-reinforced multilayer self-humidifying composite membrane is developed. The membrane is composed of Nafion-impregnated porous PTFE composite as the central layer and nanosized SiO 2 supported Pt catalyst imbedded into Nafion as the two side layers. The proton exchange membrane ͑PEM͒ fuel cells employing the self-humidifying membrane ͑20 m thick͒ under dry H 2 /O 2 gave a peak power density of 0. Proton exchange membrane ͑PEM͒ fuel cells are prospective alternative power sources for mobile and stationary application due to their high energy conversion efficiency and environmental benefits.
Proton exchange membrane ͑PEM͒ fuel cells are prospective alternative power sources for mobile and stationary application due to their high energy conversion efficiency and environmental benefits. [1] [2] [3] Currently, research on key materials, such as PEM, electrocatalysts, bipolar plates, etc., is widely considered as crucial for the acceleration of the commercialization of PEM fuel cells. Nafion membranes are extensively used as the electrolyte for their good chemical and mechanical properties. However, their proton conductivity depends on the water content of the membranes. 4 Usually, PEM fuel cells are operated at ϳ80°C with H 2 and O 2 or air humidified prior to entry into the cells. However, external humidifying subsystem brings complexity to the system. Therefore, operation of PEM fuel cells without humidification subsystems can greatly facilitate water and thermal management and reduce the system weight and complexity. 5 To suppress mutual permeation of the reactant gases, Watanabe et al. [6] [7] [8] [9] proposed the concept of self-humidifying composite membranes. Nano-sized Pt and/or hydrophilic inorganic oxides uniformly distributed in membranes were used as water generation and water retention sites. Liu et al. 10 developed a self-humidifying Pt-C/ Nafion/polytetrafluoroethylene ͑PTFE͒ membrane by casting the ink of Nafion solution and Pt/C catalyst onto a porous PTFE film. However, it is still a concern that Pt/C particles distributed in the whole membrane may lead to microphase separation of the inorganic and the organic materials, hence enhancing gas permeability and causing a short circuit of the membrane due to electron conduction of Pt/C.
Recently, Xing et al. 11 investigated a Pt-C/SPEEK/PTFE selfhumidifying composite membrane. They prepared the membrane by first casting sulfonated poly ͑ether ether ketone͒ ͑abbreviated as SPEEK͒ solution onto porous PTFE to obtain SPEEK/PTFE as a base layer, and then recasting the ink of SPEEK and Pt/C catalyst onto the SPEEK/PTFE base layer to form a Pt-C/SPEEK layer. Similarly, Yang et al. 12 studied Nafion-based self-humidifying membrane, which was prepared by recasting the ink of Nafion and Pt/C catalyst to form Pt/C-Nafion layer and hot-pressing together with pure Nafion membrane. Due to electro-osmotic drag requirements and the anode side self-humidification function, both the Pt-C/ SPEEK layer and the Pt/C-Nafion layer of the above two selfhumidifying membranes were fabricated at the anode side. Another concept of self-humidifying membrane was developed by Lee et al. 13 They impregnated nano-sized Pt crystallites into Nafion 112 membrane by reduction of Pt͑NH 3 ͒ 4 2+ , followed by in situ precipitation of zirconium phosphate in the Pt-Nafion membrane. However, thus-prepared self-humidifying membranes could not be very thin ͑thickness, more than 50 m͒ for mechanical deficiency of substrate membrane.
Note that, until now, most of the self-humidifying membrane preparation methods were by imbedding platinum and/or hygroscopic oxides in membrane, and few reports have been found on application of hygroscopic oxides supported platinum for selfhumidifying membrane.
In this paper, we present a novel PTFE-reinforced selfhumidifying composite membrane with a sandwich structure that is composed of a central layer and two side layers. The central layer was prepared by impregnating Nafion solution into porous PTFE to obtain a Nafion/PTFE layer, and the two side layers were prepared by spraying the ink of Nafion and silicon oxide supported platinum catalyst ͑denoted as Pt-SiO 2 ͒ onto the both sides of the central layer.
To identify the self-humidification effect, the PEM fuel cell performances of the as-prepared self-humidifying composite membrane and the plain Nafion/PTFE membrane under dry H 2 and dry O 2 condition were investigated. Also, the influence of external humidification on the self-humidifying membrane fuel cell is studied. Scanning electron microscopy ͑SEM͒ measurements were conducted to characterize the composite membrane morphology.
Experimental
Catalyst preparation.-The Pt-SiO 2 catalyst was obtained by impregnation of silicon oxide ͑BET surface area 112 m 2 /g; average particle size 20 nm͒ with a solution of H 2 PtCl 6 in water ͑3.7 mg Pt/mL͒ for 24 h, and then reduction by H 2 at 200°C for 10 h. The volume ratio of H 2 PtCl 6 solution and SiO 2 was 1:1, and the loading of Pt on SiO 2 was about 1 wt %.
Membranes preparation.-The self-humidifying composite membrane was a sandwich structure. The central layer Nafion/PTFE was prepared by pouring perfluorinated solution, which is composed of 5 wt % Nafion solution ͑Dupont Fluoroproducts, EW = 1100 g/mol-SO 3 H͒ and dimethylsulfoxide ͑DMSO͒ solvent with a volume ratio of 1:1, onto porous PTFE film ͑15 m thick; ϳ85% porosity͒. The film was preliminarily extended on a stainless steel frame. The membrane was heated at 50-60°C till driness, and treated at 120°C for at least 10 h. The ink of Pt-SiO 2 catalyst dispersed in 5 wt % Nafion and isopropanol ͑IPA͒ solution was sprayed onto the two sides of Nafion/PTFE membrane, resulting in a layer of 2.5 m thick at each side. The mass ratio of Nafion resin to Pt-SiO 2 catalyst was 6:1, and platinum loading in the membrane was ϳ10 −4 mg/cm 2 . The three-layer membrane was about 20 m thick and allowed to dry in air before using. For comparison, the plain Nafion/PTFE membrane was prepared by the same way. The thickness of the plain membrane was also ca. 20 m. 
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MEAs preparation and single cell evaluation.-The membrane electrode assemblies ͑MEAs͒ were fabricated by hot-pressing the anode and the cathode to the membrane at 140°C and 10 MPa for 2 min. The Pt loading of the anode and the cathode was 0.3 and 0.5 mg/cm 2 , respectively. The active area of MEAs was 5 cm 2 . The performance of single cell employing the self-humidifying membrane was tested under dry or humidified H 2 and O 2 at temperatures of 50, 60, 70, and 80°C and pressure of 0.20 MPa, and that of plain Nafion/PTFE membrane was measured under dry H 2 /O 2 at 60°C and 0.20 MPa. The reactant utilizations were fixed at 90% for H 2 and 50% for O 2 . To check the self-humidification effect of the self-humidifying membrane, the cell was kept running with dry reactants. After stable performance of the cell was maintained for 8 h, the cell voltages at different current densities were recorded. Moreover, to study influence of external humidification on the selfhumidifying membrane fuel cell performance, the cell was also operated with humidified reactants.
Characterization of membranes.-The surface and crosssectional morphology of the self-humidifying membrane and the plain Nafion/PTFE membrane were analyzed by SEM ͑JEOL 6360LV, Japan͒.
Electrochemical impedance spectroscopy (EIS) measurements.-To investigate the ohmic resistances of the selfhumidifying membrane under wet and dry operation and the plain Nafion/PTFE membrane under dry operation, EIS measurements were conducted. For this purpose, a frequency response detector ͑EG&G model 1025͒ and a potentiostat/galvanostat ͑EG&G model 273A͒ were used.
Results and Discussion
Mechanism of the self-humidifying composite membrane.-There are four types of water in self-humidifying membrane fuel cell environment: electro-osmotic dragged water carried with proton from the anode to the cathode, back-diffused water from the cathode to the anode due to concentration gradient, water generated via electrochemical reaction at the cathode, and water produced through Pt catalyzed reaction between crossover reactants. Figure 1 demonstrates the sandwich structure of the selfhumidifying composite membrane. The composite sandwich structure of the self-humidifying membrane not only satisfies the requirement of water retention and avoids short circuit due to insulated SiO 2 , but also suppresses gas-crossover and improves cell open circuit voltage ͑denoted as OCV͒. The central layer, Nafion/PTFE reinforced composite membrane, allows ultra thin membrane feasible to be employed in the fuel cell. However, a crucial issue is how to keep water balance in the membrane. Hydrophilic SiO 2 for water retention maintains water equilibrium in membrane. Furthermore, nano-sized SiO 2 is expected to adsorb water at low current density, and releases water at high current density to satisfy electro-osmotic drag requirement. 9 The reduction in membrane thickness can accelerate the crossover of H 2 and O 2 and facilitate water back-diffusion. The SiO 2 supported platinum in both side layers suppresses gas-crossover by chemical catalyzing mutually permeable H 2 and O 2 into H 2 O.
In the work of Watanabe et al., 14 the anode polarization could be 20 mV vs RHE at 50 A/cm 2 under an electrochemically controlled condition with fully utilized Pt particle surface, which suggests negligible H 2 electrode polarization property. However, trace of H 2 permeating from the anode to the cathode reacted with O 2 on Pt catalyst surface according to Eq. 1 and 2 occurring at cathode side. The short circuit current generated could produce mixed potential and cause remarkable O 2 electrode polarization even at low current density. The OCV is an indication reflecting the cathode polarization
Therefore, as far as the functions of both side layers of the selfhumidifying membrane are concerned, the anode side layer acts as membrane self-humidification and the cathode side layer dramatically decreases oxygen electrode polarization, especially at low current density, and improves the cell OCV.
SEM images of the self-humidifying and plain Nafion/PTFE membranes.-To investigate membrane surface and cross-sectional morphology, SEM measurements were conducted. The crosssectional morphology of the self-humidifying membrane is apparently composed of three layers ͑Fig. 2a͒, as compared to that of the plain Nafion/PTFE membrane ͑Fig. 2b͒. The anode self-humidifying layer and the cathode side layer are located at both sides of the Nafion/PTFE central layer. It can be clearly seen that the inorganic catalyst particles located in both side layers of the self-humidifying membrane, are completely separated by the central Nafion/PTFE layer, thus avoiding microphase separation in the whole membrane and ensuring the feasibility of high cell OCV. In addition, Fig. 2c and d reveal a rough surface of the self-humidifying membrane due to existence of Pt-SiO 2 catalyst particles, in contrast to a smooth surface of the plain Nafion/PTFE membrane. The rough membrane surface could enlarge the interface area of membrane/electrode.
Fuel cell performances.-The voltage vs current density curves of the single cell employing the self-humidifying membrane at various temperatures are shown in Fig. 3 . It is obvious that under dry H 2 and dry O 2 condition, the optimal cell operation temperature is around 60°C. To study the effect of external humidification on the self-humidifying membrane fuel cell, the temperature of externalhumidifying cell operation is fixed at 60 and 80°C. The same cell was operated with fully humidified H 2 /O 2 , whose performance is slightly better than that of the cell operated with dry H 2 and dry O 2 . The peak power density values of the cells at 60 and 80°C under external humidification conditions are 0.98 and 1.05 W/cm 2 , respectively, while that under dry operation is 0.95 W/cm 2 . Based on these analyses, a clear point might be found that the single cell employing the self-humidifying membrane behaves in a very similar performance under humidifying and non-humidifying operation conditions. 
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Electrochemical and Solid-State Letters, 9 ͑2͒ A49-A52 ͑2006͒ A50 Figure 4 shows the single cell performance curves for the selfhumidifying membrane and the plain Nafion/PTFE membrane. As indicated in the figure, the cell using the self-humidifying membrane outperforms that for the plain Nafion/PTFE membrane at all recorded current densities. For example, the voltage at 2000 mA/cm 2 for the self-humidifying membrane is 0.48 V, which is twice that for the Nafion/PTFE membrane. This is attributed to Pt-SiO 2 catalyst, which adsorbs water at low current density and releases water at high current density. In particular, when current density is over 2000 mA/cm 2 , Pt-SiO 2 catalyst plays a key role of releasing enough water for membrane hydration. For further elucidation, the ohmic resistance values of the fuel cells employing the self-humidifying membrane under dry and wet conditions and also that of the plain Nafion/PTFE membrane under dry condition are taken into account and obtained from EIS measurements. The ohmic resistance values for the self-humidifying membrane under wet and dry conditions are 40 and 40.8 m⍀, respectively, as compared to 59 m⍀ for the Nafion/PTFE membrane. The reduced ohmic resistance of the selfhumidifying membrane under dry condition at 60°C, is ascribed to hygroscopic property of Pt-SiO 2 catalyst to keep good membrane water balance.
Another important point is that the cell OCV of the selfhumidifying membrane is 1.032 V, which is ϳ100 mV higher relative to that of the Nafion/PTFE membrane. It is thus clear that one of the advantages of the gas-crossover recombination on the Pt-SiO 2 catalyst at the two side layers inside the self-humidifying membrane appears in the reduction of cathode polarization in comparison with the plain Nafion/PTFE membrane. Improved OCV is mainly due to reduced mixed potential and oxygen polarization at the cathode, especially under low current densities. Therefore, the cell employing the self-humidifying membrane exhibits a high peak power density and OCV. This is of significance for quick start-up and abrupt load changes in practical application of PEM fuel cells. 6 To the best of our knowledge, no OCV higher than ours has been reported for the PEM fuel cells employing such a thin selfhumidifying membrane ͑only 20 m in thickness͒.
Conclusions
A novel PTFE-reinforced multilayer self-humidifying composite membrane with a thickness of 20 m for PEM fuel cells was developed, and its good performance of single cell operated with dry H 2 and dry O 2 was obtained. The peak power density and OCV values are 0.95 W/cm 2 and 1.032 V, respectively. The performance of the single cell with self-humidifying membrane is slightly influenced by the humidification condition. The self-humidifying membrane outperforms the plain Nafion/PTFE membrane and exhibits higher cell OCV. The nano-sized SiO 2 supported Pt catalyst, which is located at two sides of the membrane, contributes to enhanced anode side selfhumidification, decreased cathode polarization, and improved OCV. The good performance of the self-humidifying membrane is of sig- nificance for quick start-up and abrupt load changes of PEM fuel cells and should be promising for practical application of this technology.
